Massive stars in their final stages of collapse radiate most of their binding energy in the form of MeV neutrinos. The recoil atoms that they produce in elastic scattering off nuclei in organic tissue create radiation damage which is highly effective in the production of irreparable DNA harm, leading to cellular mutation, neoplasia and oncogenesis. Using a conventional model of the galaxy and of the collapse mechanism, the periodicity of nearby stellar collapses and the radiation dose are calculated. The possible contribution of this process to the paleontological record of mass extinctions is examined.
Several theories intend to explain the record of biological extinctions that sprinkle the history of the Earth. They fall into two groups: terrestrial phenomena (e.g., tectonically induced climatic changes and massive volcanic eruptions) and extraterrestrial processes such as variations in the solar constant or large meteorite impacts. Detailed accounts of these approaches can be found in Refs. [1] [2] [3] .
A proposal that ionizing radiation from nearby supernova explosions may have had catastrophic effects on the Earth's ozone layer [4] has been revisited recently [5] . While this may have caused one of the "Big Five" major extinctions, the estimated nearby supernovae rate is insufficient for these to be responsible for the bulk of extinctions in the last 600 Myr. The apparent periodicity of extinction episodes is intensity-dependent; the disappearance of 65% (~ 30%) of living species occurs every ~ 100 Myr (~ 30 Myr) [1- 3, 6] .
It is a common and erroneous assumption to identify stellar collapse with supernova production. As discussed by Bahcall [7] , the collapse rate exceeds by a yet unknown but possibly large factor the supernova rate in our galaxy, which is calculated to be between 0.1 and 0.01 yr −1 . Stellar collapses may lack the optical emission of supernovae, being much more inconspicuous while producing an intense neutrino radiation. Collapse models generally have difficulty in making stars explode, but predict neutrino fluxes that carry away most of the binding energy released. Using the known distribution of stars in the Galaxy and their rate of evolution, Bahcall has estimated the period of stellar collapses in our galaxy to be τ total =11.1 yr [7] . Could these "silent" stellar collapses affect life on Earth, even when the main form of emitted radiation is weakly interacting? The expected extreme Relative Biological Effectiveness (RBE, a commonly used factor that indicates the specific biological effectiveness of any radiation) of neutrino-induced recoils in generating cell transformation and radiocarcinogenesis may indeed guarantee this.
Essential for the determination of the radiation dose imparted by this process is the neutrino fluence, i.e., the number of neutrinos per unit area received at a distance r during the collapse pulse (< 10s), which is ν / cm 2 [7] . The energy spectrum of collapse neutrinos is given by a Boltzmann distribution [7] dF / dE ν = F r
), where T ν = 5 MeV for ν e , ν e and 10 MeV for ν µ,τ , ν µ,τ , extending with appreciable probability up to several tens of MeV. Knowledge of the spatial distribution of stars as a function of their distance r from the Sun is needed to estimate how often one of these "neutrino bombs" goes off nearby the Earth. Here the model of Bahcall and Soneira [7, 8] is adopted, where for r < 3 kpc, the fraction of stars in the galactic disk within r is given by f r ( ) = 0.0028 r / 1 kpc ( ) 2 . The expected period of collapses within r is then
occuring at a mean distance <r> = (2/3) r. To assume that f(r) has been constant over the last 600 Myr is only a default approximation, since the trajectory of the Sun around the galaxy can only be extrapolated back or forth in time with any degree of precision over a time scale ~ 100 Myr [9] .
The most probable interaction process for MeV neutrinos with matter is elastic scattering off nuclei via the neutral current. This is due to an enhancement by a coherence factor roughly proportional to the square of the number of neutrons in the target atom, N, giving a flavor-blind total cross section σ ≅ N 2 E ν / 10 MeV ( ) 2 4 ⋅ 10 −43 cm 2 and a differential cross section dσ / dχ ∝ 1+ χ ( ), where χ is the cosine of the neutrino scattering angle [10] .
The recoil energy of the target nucleus of mass M is given by
The differential rate of recoils induced by a collapse in 1 kg of target matter (containing K nuclei) is obtained from
The integral includes all neutrino flavors, E min is the minimal neutrino energy that can contribute to recoils in the interval [T,T+dT] and E max is a suitable upper cut-off to dF / dE ν . Fig. 1 displays dR / dT for some common constituents of organic tissue. Table 1 shows, for these same elements, the total recoil rate and other relevant quantities (ranges and stopping powers are extracted from the computer code TRIM [12] ). Using 
where the mean distance <r> has been used as the collapse location. Eqs. (1) and (2) determine how often a certain dose of radiation is imparted by the neutrinos; e.g., every ~ 100 Myr a collapse within ~6.3 pc of the Earth will produce ~ 1.9 ⋅ 10 4 recoils / kg in all living tissue. The objective is now to assess the relevance of such an event.
In the last few years, the field of radiation protection has undergone important revisions. The study of how different patterns of spatial and temporal distributions of energy at the subcellular level affect the biological response of cells to very low doses of ionizing radiation has become a very active area of research. This is due to the increasing awareness that high linear-energy-transfer (LET) radiations (alpha particles, fission neutrons, ions) may be responsible for unique biological effects [13] [14] [15] . Plainly stated, the (unrestricted) LET is the amount of energy dissipated by a radiation per unit path length.
The nucleus of a cell, specifically the genetic material, is far more radiosensitive than the cytoplasm. Chromosomal change can result from breaks and other types of damage to the DNA chain, leading to mutagenesis.
Of special importance are those radiation insults that create irreparable genetic damage without inactivating the cell, which then can become the "founder" cell of an aggregation of mutant or cancerous cells. Not all types of radiation are equally effective in producing important damage at the chromosomal level. Low-LET radiations such as gamma and x-rays disperse their energy over longer distances than their high-LET counterparts, which have characteristic densely-ionizing tracks. There is now a wide consensus that the critical property of radiations at low doses is determined by this spatial pattern of energy deposition over dimensions similar to those of DNA structures (few nm) [14] . For instance, the primary molecular damage of importance in mammalian cells is produced by a localized cluster of atomic interactions overlapping the DNA and producing a multiply damaged chromosomal site [15] . Track structure analysis of high-LET radiations shows energy concentrations at subcellular levels that cannot be at all reproduced by low-LET radiation. Energy depositions of > 800 eV within 5-10 nm are unique to alpha particles and heavier ions, totally unattainable for other types of radiation and provoking unrepairable genetic damage [15] . Their frequency of occurrence is not more than 0-4 / cell / Gy (1 Gy, "gray" = unit absorbed dose = 6.24 ⋅10 12 MeV / kg). A critical question is then whether this type of damage unique to high-LET particles can lead to unique genetic consequences, specifically mutagenic changes and certain types of radiogenic cancer.
The 
Given a distribution of spheres of average radius ρ scattered in a medium with volume filling factor φ, the mean number of spheres encountered by a particle is (3/4) φ/ρ per unit length, independent of trajectory. Taking ~ 3 ⋅ 10 of the total. This suggests a ~ 5% effectiveness in the creation of initiating lesions able to produce the onset of leukemias [18] . A similar effectivelyinfinite RBE has been suggested for the formation of sister chromatid exchanges in human lymphocytes [19] . These results have been independently confirmed using human dermal fibroblasts and ions ranging from 0.386 -13.6 MeV / µm, which produced chromosome imbalances and rearrangements like those observed in human solid tumors [20] .
Assuming for the sake of argument that the above ~ 5% effectiveness in producing a possibly malignant cell colony also applies to stellar collapse recoils, Eq. MeV. This is in the energy range generally explored in accelerator experiments, where energy losses are almost entirely due to ionization. The contribution to S t by direct atomic collisions at lower energies is considerable (see table) , and these collisions are of special interest because the energy imparted to an atom is likely to cause disruption of the DNA molecule with a much higher effectiveness than an equivalent delta-electron produced through ionization. This may make neutrino-induced recoils even more effective than other forms of high-LET radiation in producing the dense damage responsible for the special biological effects detected. 
